Increasing attention is being paid to the ecological consequences of underwater noise generated by human activities such as shipping and maritime industries including, but not limited to, oil and gas exploration and extraction, sonar systems, dredging and the construction of offshore renewable energy devices. There is particular concern over the extension of these activities into previously undeveloped areas of the oceans, including Polar Regions and areas of coral reef habitat. Most of the concern by regulators and others has focussed upon effects upon marine mammals and other protected species. However, examining the impacts upon the overall ecology of affected habitats is also important as it may be dominated by effects upon the far larger biomasses of fishes and invertebrates, which do not have the same degree of legal protection. Many of these assessments of the impact of noise on fishes and invertebrates have overlooked important issues, including the sensitivity of a substantial proportion of these species to particle motion rather than sound pressure. Attempts have been made to establish sound exposure criteria setting regulatory limits to the levels of noise in terms of effects upon mortality levels, injury to tissues, hearing abilities, behaviour, and physiology. However, such criteria have almost exclusively been developed for marine mammals. Criteria for fishes and invertebrates have often had to be assumed, or they have been derived from poorly designed and controlled studies. Moreover, the metrics employed to describe sounds from different sources have often been inappropriate, especially for fishes, and invertebrates, as they have been based on sound pressure rather than particle motion. In addition, the sound propagation models employed to assess the distances over which effects might occur have seldom been validated by actual measurements and are especially poor at dealing with transmission under shallow water conditions, close to or within the seabed, or at the surface. Finally, impacts on fish and invertebrate populations are often unknown and remain unassessed. This paper considers the problems of assessing the impact of noise upon fishes and invertebrates and the assessment procedures that need to be implemented to protect these animals and the marine ecosystems of which they form an integral part. The paper also suggests directions for future research and planning that, if implemented, will provide for a far better scientific and regulatory basis for dealing with effects of noise on aquatic life.
Introduction
Underwater sounds, especially those affecting marine animals, cannot easily be heard from above the waves, leading to the often-held assumption that the seas are silent. In fact, sound is very important to marine animals. It offers unrivalled advantages for fast, directional, and long distance information transmission especially in an optically poor medium like water (Urick, 1983; Kinsler et al., 1999) . Sound propagates through water almost 4.5 times faster than in air (Urick, 1983) . Long wavelength, low frequency sounds are relatively unaffected by absorption, scattering and reflection and may travel tens of kilometres, depending on local environmental conditions (Rogers and Cox, 1988) .
In considering the various sensory channels through which aquatic animals might learn about their environment, it becomes apparent that sound provides information that is more rapidly communicated, gives directional cues, and is least affected by environmental variables (e.g. presence of light, currents) than any other signal source (e.g. vision, touch, chemical senses) (Tavolga, 1965 (Tavolga, , 1971 Hawkins and Myrberg, 1983; Hawkins, 1986) . Accordingly, hearing is the main distance sense for aquatic vertebrates, and it is likely to be so for many aquatic invertebrates as well. (While this paper focuses on the marine environment because of its economic importance, most of the findings and ideas discussed here are equally applicable to all aquatic environments including rivers, harbours, lakes and streams.) Marine (and terrestrial) animals assess the environment around them by analysing the soundscape or "acoustic scene" (Popper and Fay, 1997; Fay, 2009) . Additionally, fishes and invertebrates may use sound in many ways that parallel the use of sound by marine mammals and terrestrial vertebrates. This includes (but is not limited to): communication with conspecifics; seeking prey and avoiding predators; orientating with respect to environmental features; and locating appropriate habitats. Migratory fishes and perhaps invertebrates, may also navigate using positional cues provided by natural geophysical sources of sound (see general references in Table 1 ).
Greatest concern is currently directed at examining the effects of underwater man-made sound upon marine mammals (Southall et al., 2007; Erbe et al., 2016; NMFS, 2016) , largely because of the strong legal protection given to these charismatic animals. Much less attention regarding effects of man-made sound has been paid to fishes and invertebrates although these are present in far greater biomasses than marine mammals. Fishes and invertebrates underpin the food webs for marine mammals, reptiles, and seabirds, as well as humans. Moreover, while marine mammals make up perhaps 100 species, there are over 32,000 species of fishes (www.fish base.org) and a far greater number of marine invertebrate species. Fishes and invertebrates differ substantially from marine mammals in terms of their general biology, swimming abilities, hearing physiology and behaviour, and must considered separately.
Purpose of this paper
To assess the impacts of noise pollution it is necessary to investigate both the generation and propagation of underwater sounds and the stimuli they inflict upon the animals, and also the effects upon animals, in terms of dose response relationships for physical, physiological and behavioural changes. This requires scientific expertise in very different scientific fields. In the past, many assessments of effects and impacts have been based on inadequate information, and in some cases a misunderstanding of factors that are critically important. The intent of this paper is to raise awareness of a number of critical issues regarding the impact of man-made sounds on fishes and invertebrates and to discuss ways in which such impacts should be, assessed in a regulatory context. (In this paper the term sound is used to refer to identifiable man-made sources. The term "noise" is used colloquially to describe unwanted sound that interferes with detection of other sounds of interest. The term background or ambient noise describes naturally occurring sounds from distributed sources.) Although the paper is primarily directed at regulators and those assessing the impact of exposure to underwater sound, many of the points raised are also important for those carrying out research in this field. The main issues are, for the most part, known to some investigators, but not others, as research in this field involves investigators from a wide range of disciplines. These issues are of such importance to regulators, industry, and researchers that they need to be brought together in one place, so that all concerned are better informed.
Thus, this paper should not be viewed as a review of the literature on impacts of man-made sound on aquatic organisms or on basic mechanisms of sound detection and bioacoustic behaviour. Rather, it summarises the critical issues and identifies key knowledge gaps. Readers seeking background material are directed to the references listed in Table 1 .
The paper is presented in three inter-related parts. The initial sections (Part 1) discuss the nature of underwater sound, how it is measured, and how it propagates. These sections review a number of critical issues that must be understood in order to assess and regulate underwater sound. They also provide information that is not well understood by some biologists. There is particular focus on the particle motion component of underwater sound since an understanding of particle motion is required in order to understand sound detection and the effects of sound on fishes and invertebrates.
The second set of sections (Part 2) considers sound detection by fishes and invertebrates, again with a focus on detection of particle motion. This is followed by a discussion of assessment of the potential effects of man-made sound on fishes and invertebrates. Here, a lack of field studies of the responses of these animals is holding back progress.
The last sections (Part 3) use the information provided in the earlier part of the paper to discuss assessment of the impacts of underwater sound on fishes and invertebrates, especially in relation to the current regulatory environment.
It should be noted that throughout the paper a number of research projects, adopting new approaches, are suggested. The projects are needed as the basis for far better assessment and regulation of potential effects of man-made sound on fishes and invertebrates. It is clear that undertaking many of these new studies will be very difficult and/or expensive (e.g., observing behaviour of wild fishes in the open ocean). It may not be feasible to carry Table 1 . Selected resources for background on aspects of this paper.
Conference proceedings that cover topics broadly Normandeau, 2012a, b; Hawkins, 2012, 2016 Use of sound by fishes and invertebrates Tavolga, 1971; Myrberg, 1981; Hawkins and Myrberg, 1983; Cotter, 2008; Slabbekoorn et al., 2010; Vermeij et al., 2010; Stanley et al., 2012; Ladich, 2013 Part 1: Underwater acoustics and sound sources www.dosits.org; Urick, 1983 Part 2: Fish and invertebrate hearing and sound communication Tavolga, 1971; Hawkins and Myrberg, 1983; Popper et al., 2001 Popper et al., , 2003 Webb et al., 2008; Ladich and Fay, 2013; Ladich, 2014 Part 3: Assessing effects Normandeau, 2012a; b; Hawkins and Popper, 2014; Popper et al., 2014; Hawkins et al., 2015; Edmonds et al., 2016; Lucke et al., 2016a out all these projects, but it is imperative that they be proposed so that regulators and others will understand what needs to be done, and where new funding must be directed.
Assessing the risks to animal populations from sound exposure
Processes for assessing the risks associated with man-made underwater sound involve a number of steps. At the start, it may be necessary to define the key species and species groupings that are likely to be affected by particular sounds. These may be defined in legislation, but perhaps also need to be assessed through a preliminary biological screening process (which might also then drive the species defined in legislation). In an ecological context, it is important to identify those taxa and species that may be especially vulnerable to sound exposure and which also play a key role in local ecosystems. The risk to potentially sensitive species can then be assessed by reviewing the available literature on their hearing abilities and responses to sound, and examining the likelihood of sound exposure resulting in adverse effects.
It is important here to emphasise the distinction between effects and impacts (Boehlert and Gill, 2010) . Effects are the broad range of potentially measurable changes that may be observed in individuals, groups of animals, or even habitats as a result of sound exposure. Impacts are effects that, with some certainty, rise to the level of deleterious ecological significance (Boehlert and Gill, 2010) . Thus the effect does not indicate the significance, whereas the impact deals with the severity, intensity, or duration of the effect upon animal populations and ecological communities. Such impacts can then be compared with those resulting from other stressors, including chemical pollution, fishing, pathogens, climate change etc.
To assess likely impacts, scenarios are often constructed, suggesting how animals might respond to sound, and how that response might be mitigated. For example, it might be assumed that there is some movement away from the sound source, disruption of migration patterns or temporary displacement from areas of known concentrations. Mitigation measures might then be proposed, such as time/area closures, establishment of exclusion zones, or ramp up procedures (where the source level is raised gradually). These would be intended to provide protective benefits during exposure, and might ensure that behaviour might return to normal when sound production ceases. Clearly, however, to make such mitigation successful there is a need to know what actually does happen to fishes and invertebrates when they are exposed to sound, the duration of their responses, whether they adapt to the presence of sound, and what the consequences of their responses are for fish and invertebrate populations.
In considering whether there is a need for mitigation, it is important to determine those levels of a sound which might result in adverse impacts upon populations. However, in many circumstances, there may be insufficient information on the population responses of individual species. It may be necessary to undertake a risk assessment, based on expert advice. In some cases, and particularly with especially vulnerable species, it may be necessary to take a precautionary approach; where in the absence of scientific consensus the burden of proof for demonstrating that sound exposure will not be harmful falls upon those making the sounds.
It follows then that the relevance of any assessment depends greatly on the information available on the responses to sound by the exposed animals. However, as assessments of the risks to animals are essentially focused on the impact in terms of longterm population consequences it is not sufficient simply to demonstrate that there will be effects on behaviour, physiology or the reproduction and survival of individuals. Evidence derived from observations on individual animals is important, but must be translated into impacts upon populations.
As well as looking at the initial impact of a particular sound, any assessment must also consider long-term as well as shortterm exposure. Acute exposure is for a brief period, usually from a particular source. Chronic exposure is for longer period and can be the result of cumulative exposure to a repetitive sound source, or aggregate exposure to many different sound sources. Impacts may also involve a variety of other stressors; for example, exposure to fishing or chemical pollution as well as to sound. There are increasing challenges in examining impacts as the pattern of exposure becomes more complex. Aggregate assessments must look at the contribution of the proposed exposure to sound and any additive impacts in relation to other stressors that are present. Sound producing activities may have a much smaller impact upon populations than activities such as fishing, as the latter may result in the removal of large numbers of fish and invertebrates.
Part 1-background on underwater acoustics
The following sections provide a fundamental understanding of underwater acoustics and information about man-made sounds. A number of references that provide a basic background on these topics are provided in Table 1 .
The nature of underwater sound
Sound is generated by the movement or vibration of any immersed object in a medium like air or water (Urick, 1983; Kinsler et al., 1999) . Sound can be detected: (a) as pressure fluctuations in the medium above and below the local hydrostatic pressure (sound pressure); and (b) by the back and forth motion of the medium, referred to as particle motion (ISO/DIS, 2016) .
The sound pressure acts in all directions; it is a scalar quantity that can be described in terms of its magnitude and its temporal and frequency characteristics. Particle motion, in contrast, is an oscillation back and forth in a particular direction; it is a vector quantity that can only be fully described by specifying both the magnitude and direction of the motion, as well as its magnitude, temporal, and frequency characteristics.
A critical issue to understand and appreciate is that while many species of fish (like all marine mammals) are likely to detect sound pressure, particle motion is of very great importance to fishes and invertebrates, especially for locating sound sources through directional hearing Hawkins et al., 2015; Nedelec et al., 2016) . Indeed, when considering sound detection in most fishes, and probably all invertebrates, in addition to describing the sound pressure environment it is equally or more important to describe the particle motion acoustic environment.
One of the problems in properly describing the overall sound field for fishes and invertebrates (both sound pressure and particle motion) is that whereas there are excellent devices, hydrophones, for detection of sound pressure, there are far fewer devices (and less skill in their use) for detection and analysis of particle motion (Martin et al., 2016) . Indeed, detection of particle motion requires different types of sensor than those utilized by a conventional hydrophone. Such sensors must specify the particle Assessing impact of underwater noise on fishes and invertebrates motion in terms of the particle displacement, or its time derivatives (particle velocity or particle acceleration) in three dimensions.
It has become commonplace to estimate particle velocity from measurements of the sound pressure (e.g. from the sound pressure gradient), using rather simple models (MacGillivray et al., 2004) . However, such estimates of sound particle velocity are only valid in environments that are distant from reflecting boundaries and other acoustic discontinuities. Those conditions never prevail in the laboratory. Even in the sea, lakes, and rivers, fishes and invertebrates are often found close to boundaries with media other than water. There are, as yet, few data on the natural levels and directional components of particle motion at different depths and locations in the aquatic environment.
Sources of underwater noise
The sea itself is inherently noisy, with natural sounds emanating from a great variety of sources, both localized and dispersed, including surface waves, turbulence, water flow, seismic disturbances, and sounds of biological origin. Masking of biologically important sounds by ambient noise (particle motion as well as sound pressure for fishes and invertebrates) may well provide the ultimate limit to sound detection for many marine animals (Fay, 2011; Erbe et al., 2016) . It has been reported that increasing levels of underwater sound are being generated by man's activities in the oceans (Frisk, 2012; McKenna et al., 2012) and greater attention is now being paid to the ecological consequences of manmade sounds (Kunc et al., 2016; Rossi et al., 2016) . There is particular concern over the extension of sound-making activities into previously undeveloped areas of the oceans, including polar and tropical seas.
There are a number of sound sources of particular concern. These will only be mentioned very briefly here, and details can be found in Popper et al. (2014) and in the proceedings of two recent conferences Hawkins, 2012, 2016) . They include: sonar systems for locating the seabed, fishes, and underwater objects (including submarines); seismic airgun arrays used to examine the nature and composition of the substrate beneath the seabed; shipping; inshore and offshore construction technologies including pile driving; the operation of renewable energy devices; and explosions generated by military activities, for scientific purposes, or for the decommissioning of offshore structures. While some man-made sounds are produced intentionally (e.g. naval sonar, echosounders, seismic airgun surveys), other sounds are incidental by-products of other activities (e.g. shipping, dredging, offshore construction, operation of renewable energy devices).
Many of these sound-generating activities are subject to regulatory consenting procedures. National and international jurisdictions require noise impact assessments for developments or activities that have the potential to cause significant adverse impacts on key species and habitats (although these are most often focused on marine mammals). Management of the impact of sound in the oceans must involve the definition of appropriate response thresholds or sound exposure criteria for disturbance; damage to marine life; and harm to marine ecosystems. However, the focus of regulation has often been upon short-term or acute impacts from specific developments. There have been few attempts to evaluate chronic or lasting impacts from the cumulative exposure of ecosystems to raised underwater noise levels, alongside other stressors, perhaps because these are longer-term strategic issues, rather than issues of immediate concern. Also, there are few analytical tools available to conduct such impact analyses.
Metrics for describing underwater sounds
Any effects upon fishes and invertebrates will depend on the characteristics of the sounds to which they are exposed (described by appropriate metrics). Where impact upon biological organisms is an important concern, it is also important to adequately measure and describe the stimuli that the animals will receive and to which they will respond. As well as amplitude levels, expressed in terms of peak or averaged values, the characteristics of the received sound stimulus in terms of parameters like the rise time, duration, repetition rate, and duty cycle are also important. Stimulus characteristics must be defined and metrics chosen in terms of potential effects upon biological receptors.
The choice of metrics to describe underwater sounds can be a major issue in trying to describe and understand the effects of man-made sounds (Ainslie and de Jong, 2016) . The metrics applied to continuous sounds (for example, from ships or dredging activities) might include the root-mean-square (rms) sound pressure, peak sound pressure, and, for many fishes and invertebrates, the corresponding sound particle motion in three dimensions. More complex statistical metrics, such as kurtosis (Henderson and Hamernik, 2012) may also be relevant for assessing the "roughness" of continuous sounds.
Impulsive sounds may be expressed in terms of their peak levels. However, peak (and rms) levels are not sufficient for characterizing the energy in short sounds that start and stop, such as those generated by pile-driving strikes or the discharge of seismic airguns. Instead, the use of the sound exposure level (SEL), the time integral of the pressure squared for a single event or strike, has been proposed as a metric for setting criteria for pile driving and other impulsive sounds (Popper and Hastings, 2009 ). Several papers (Hastings et al., 2005; Southall et al., 2007; Popper and Hastings, 2009; Popper et al., 2014) have advocated the use of both SEL and peak levels and have also emphasized the need to consider the effects of repetition of the impulse and/or the rise time of the signal.
It is evident that assessment of sound-producing activities and their potential for impacting animals has to consider both cumulative effects arising from repetition of sound from a particular source, such as the repeated strikes of a pile driver, and aggregate effects from different types of sources, such as from different pile drivers or from the combined effects of pile driving and shipping. It is necessary to take into account the potential effects not only in terms of exposure to a single sound but to the accumulated energy from exposure to multiple sounds over some specified period of time.
The metric generally used for this is the cumulative SEL (SEL cum ), determined at the position of the animal (received level) and not at the source. For pile driving and seismic airguns, this metric can be estimated from the energy in a representative single strike SEL (SEL ss ) and the number of strikes. However, this accumulation assumes that all strikes have the same received SEL ss value, something that is rarely the case since the animal or the source are likely to be moving relative to one another. As a consequence, great care must be exercised in employing the SEL cum metric or other averaging metrics as there may be periods of high sound exposure interspersed with periods of reduced exposure. Averaging may result in false conclusions on the effects of sound exposure.
Adding to the complexities of using SEL cum is that the actual effects may vary depending on the time between impulses, during which there may be physiological or physical recovery from any effect of a single signal exposure. While there are no experimental data as yet for fishes and invertebrates, such recovery has been identified in noise exposure in marine mammals (Kastelein et al., 2014) . Accordingly, it is very likely that the actual effects of exposure to a particular SEL cum of 100 strikes repeated once per second may be very different than the same 100 strikes, with the same SEL cum , repeated every 5 or 10 min.
Recent studies have provided quantitative data to define the levels of impulsive sound that result in the onset of physical injury to fish (Halvorsen et al., 2011 Casper et al., 2013) . From these studies, the investigators were able to reject the hypothesis (referred to as the "equal energy hypothesis") that the same type and severity of injury would occur for the same total energy level of exposure (SEL cum ) regardless of how that was reached (e.g. through many low-energy impulsive sounds or fewer high-energy impulsive sounds).
Although the SEL cum is an important metric, the SEL ss and the number of impulses are also important. It has become commonplace for regulators to specify only the SEL cum in setting sound exposure criteria. This is wholly inappropriate (Halvorsen et al., 2011; Popper et al., 2014) , as the way the energy is delivered, in terms of both the duty cycle (the proportion of time during which sound is present) and the energy within the individual pulses of sound, will also influence the effects of sound exposure, whether these effects are in terms of injury or behavioural responses.
The propagation of underwater sound
Having defined those noise levels that have particular impacts, it is necessary to estimate the extent of those areas over which those impacts might take place. To assist in assessment of the overall impact of a source of man-made sound, the propagation of sound arising from that source is modelled for a particular environmental scenario, and the potential impact on species of interest is then evaluated, often by defining "zones of influence", based on threshold values above which animals will be adversely affected. Alternatively, it may be possible to estimate how close to a protected species or habitat a particular noise-making activity can take place without adverse impact. Although there is considerable uncertainty in the relationship between sound levels and impacts on aquatic species, the science underlying sound modelling is better understood. Nevertheless, many environmental impact assessments or statements (EIAs or EISs) do not reflect best practice, and stakeholders and decision makers in the assessment process are often unfamiliar with the concepts and terminology that are integral to interpreting sound exposure predictions (Farcas et al., 2016) .
Lines drawn on a chart of the sea passing through all points that have the same numerical value of sound level-sound isopleths-are often drawn up by regulators to assess the spatial extent of the likely impacts of sound upon marine animals. In some cases, appropriate propagation models are available and have been applied. Recently, however, Aerts and Streever (2016) have compared modelled and measured sound isopleths for seismic airgun surveys in particular areas and have found poor agreement. Although modelling and measurement occasionally yielded comparable sound levels, the authors concluded that there was little reason to believe that agreement between modelled and measured isopleths would improve unless substantial changes were made to methods, including setting clear standards for the modelling of sound propagation that are applicable in a range of environments from deep oceans to shallow waters.
A particular problem in assessing effects on fishes and invertebrates is that propagation modelling is often carried out in terms of sound pressure rather than particle motion. Moreover, modelling of sound propagation, particularly in relatively shallow waters (in-shore, on reefs, in rivers) must take account of the frequency range of the sound, its temporal structure, water depths (bathymetry), the properties of the adjacent media including the nature of seabed sediments, and water temperature and salinity profiles and it must incorporate both sound pressure and particle motion when considering fishes and invertebrates. Such models do exist, but in many instances have not been utilized.
In order to ensure that the predictions of models are correct, it is necessary to validate them by making field measurements of the sound pressure and particle motion levels at different locations. In practice, sound modelling for EIAs is often carried out using simplistic models, with limited environmental data, and without field measurements to ground-truth the model predictions (Farcas et al., 2016) . In some cases, proprietary models are employed, without the assumptions and computational methods being disclosed.
It is also imperative to appreciate that both bathymetry and seabed sediment characteristics strongly influence the propagation of sound in shallow water; especially where the depth is less than the wavelength of sound at the frequencies of interest. At 150 Hz, a frequency to which many fish and invertebrates show high sensitivity, the wavelength is approximately 10 m. In shallow water, there is strong attenuation of sound pressures at lower frequencies (often those within the hearing range of fishes and invertebrates), depending on parameters such as water depth and bottom composition (Rogers and Cox, 1988) . This means that even if there is strong low frequency energy in the sound at the source, the sound might not be detectable by a fish or invertebrate sensitive to sound pressure at a distance from the source due to the poor propagation of sound pressure at low frequencies.
However, the effects of propagation upon particle motion in shallow water, or close to the surface or bottom in deeper water, are even more complex (Pangerc and Theobald, 2015) . Under shallow water conditions, the repeated reflections and scattering of sound at the seafloor interface and the surface interface may result in strong spatial variations in the amplitude of particle motion and its direction. In addition, depending on the properties of seabed sediments, sound may be transmitted through the seabed and along the seabed interface, to emerge later into the water column. It has been shown that the slow, rolling, interface waves that move out from a source like a pile driver can produce large particle motion amplitudes travelling considerable distances Macey, 2016a, 2016b) . It is possible that these may affect fishes and invertebrates that dwell close to or within the seabed . However, the presence of such interface waves is often ignored in the preparation in impact assessments.
Assessing impact of underwater noise on fishes and invertebrates
With sound propagation modelling there is often particular uncertainty over the characterization of source levels. Many sources of underwater noise are not the point monopole sources that are often assumed. They are large, distributed sources for which detailed noise measurements that include particle motion measurements are rarely available. Such sources include large ships, the airgun arrays used for seismic surveying, pile drivers used in construction activities, wave and tidal energy devices, and operating wind farms.
As a consequence, precisely predicting the sound fields to which fishes and invertebrates are exposed poses formidable difficulties. Although this lack of attention given to particle motion has been pointed out Hawkins et al., 2015) , few of those responsible for assessing the impact of underwater sounds have taken particle motion into consideration, either in terms of modelling or measuring it.
It is, as discussed earlier, possible to use propagation models to describe the sound pressure component of the sound field and then to extract values of particle motion in the water column from calculation of pressure gradient. However, to do this, there must be sufficient resolution used in the calculation (Robinson et al., 2014) and the boundary conditions must also be taken into account (especially the presence of the seabed and sea surface). However, as a recent workshop concluded (Pangerc and Theobald, 2015) :
Extraction of particle motion from acoustic propagation models is not widespread and not routinely provided as outputs by existing models; Modelled results require validation through actual measurements of particle motion; and Ocean propagation models are often 'simple' in their representation of the seabed (i.e. often do not support shear forces or consider propagated interface waves), and do not work in shallow water. More detailed models are required. This highlights a further requirement for fully characterising seabed properties to support the modelling.
There is a need for coordinated effort by biologists and physicists to quantify (through both measurement and modelling) particle motion as well as sound pressure in the marine environment in order to assess fully any impacts on fish and invertebrates.
Part 2: bioacoustics
Part 2 provides an overview of hearing by fishes and invertebrates as well as possible effects of man-made sound on these animals. Table 1 provides a number of references as background material.
Hearing abilities of fishes and invertebrates
Determining the sensitivity of animals to sounds of differing characteristics can indicate which particular noise sources are likely to be detected and responded to by fishes and invertebrates and may also indicate the numbers of animals likely to be affected by sound from a particular source, given knowledge of the likely pattern of sound propagation within the area. Where a sound is audible it may trigger physiological and behavioural responses, which may expose the animals to adverse effects.
There are difficulties in examining the hearing abilities of aquatic animals (Hawkins, 2014) . Many experiments which have examined the hearing of fishes and invertebrates, and their behavioural responses to sound, have been flawed, as these studies have often been performed in small tanks in the laboratory where the acoustic fields can be very complex and measurement very difficult Rogers et al., 2016) . The acoustic fields in such tanks differ greatly from those that occur in the animals' natural environment. In particular, it is difficult to measure or predict particle motion levels and determine their direction in such tanks. Moreover, these studies have often have used the technique of measuring auditory evoked potentials, a methodology which does not provide accurate information on hearing capabilities since it only measures responses of the ear and not the rest of the auditory system (Sisneros et al., 2016) and results are often highly variable (Ladich and Fay, 2013) . As a consequence, only hearing data based on behavioural experiments is acceptable for assessing the ability of an animal to detect sound (Sisneros et al., 2016) .
From the few studies of hearing capabilities in fishes that have been conducted, it is evident that there are potentially substantial differences in auditory capabilities from one fish species to another. Since it is impossible to determine hearing sensitivity for all fish species, one approach to understand hearing has been to distinguish fish groups on the basis of differences in their anatomy and what is known about hearing in other species with comparable anatomy. For example, Popper et al. (2014) suggested the following groups:
(1) Fishes lacking swim bladders that are sensitive only to sound particle motion and show sensitivity to only a narrow band of frequencies (e.g. flatfishes-Pleuronectiformes; and sharks skates and rays-Chondrichthyes).
(2) Fishes with a swim bladder where that organ does not appear to play a role in hearing. These fish are sensitive only to particle motion and show sensitivity to only a narrow band of frequencies. This group includes salmonids (Salmonidae) and some tunas (Scombridae), but many other species are likely to fit into this category as well.
(3) Fishes with swim bladders that are close, but not intimately connected, to the ear. These fishes are sensitive to both particle motion and sound pressure, and show a more extended frequency range than groups 1 or 2, extending up to about 500 Hz. This group includes codfishes (Gadidae), eels (Anguillidae), some drums and croakers (Sciaenidae), and perhaps other fishes.
(4) Fishes that have special structures mechanically linking the swim bladder to the ear. These fishes are sensitive primarily to sound pressure, although they also detect particle motion. They have a wider frequency range, extending to several kHz and generally show higher sensitivity to sound pressure than fishes in groups 1, 2, or 3. The group includes some of the squirrelfishes (Holocentridae), drums and croakers (Sciaenidae), herrings (Clupeidae), and the large group of Otophysan fishes.
It cannot be assumed that fishes without swim bladders (Group 1) which only detect particle motion are completely insensitive to sounds. Many elasmobranch species clearly detect and respond to underwater sounds (Myrberg, 2001; Casper et al., 2012) . Indeed, there are circumstances where the magnitudes of particle motion are much greater for a given sound pressure; for example, close to the water surface and in shallow water. As a consequence, it is important to take into account the acoustical habitats that fishes are occupying, and the possible conversion of sound pressure into particle motion, when assessing whether they can detect sounds from a particular source. There is some evidence that the divisions between fishes defined above may apply not just to their hearing abilities but also to the effects in terms of injuries sustained from exposure to high-level sounds . Sudden pressure changes, whether from hydrostatic pressure or sound pressure, can cause rapid motion of the walls of gas-filled cavities, particularly from impulsive sounds. These movements can result in damage to nearby tissues such as the kidney and gonads (Halvorsen et al., 2011) . It has not yet been investigated whether very high particle motion levels can result in injury to tissues and organs.
In terms of behavioural responses, it cannot be assumed that better hearing sensitivity implies a higher likelihood of responding to high-level sounds, leading to greater vulnerability to detrimental impacts. High-level sounds may trigger behavioural responses that are independent of species-specific hearing capabilities (Hawkins et al., 2015) . Behaviour may be more strongly related to the particular circumstances of the animal, the activities in which it is engaged, and the context in which it is exposed to sounds (Ellison et al., 2012; Pena et al., 2013) .
There have been few studies of the ability of aquatic invertebrates to respond to sounds, though there are a few recent studies that examine this issue in a number of species, but in insufficient number to give a broad overview of potential effects on invertebrates (Wale et al., 2013; Kunc et al., 2014; Nedelec et al., 2014) . Many aquatic invertebrates appear to use hydrodynamic receptors to detect, localize and identify predators, prey, conspecifics, submerged objects, or food falling to the seabed (Bleckmann, 1991; Klages et al., 2002; Edmonds et al., 2016) . Several crustaceans appear to be especially sensitive to sound transmitted through the substrate (Bleckmann, 1991; Edmonds et al., 2016; . Some aquatic invertebrates communicate with conspecifics by means of sound and vibration (Patek et al., 2009; Staaterman et al., 2011) . There is a clear need to examine the relative importance of seabed vibration, and the transmission of interface waves, in relation to particle motion within the water itself and especially the potential for interplay between these. Considering the extraordinary diversity of structures resembling ears in many aquatic invertebrates, it is highly likely that any number of these species can detect particle motion including seabed vibration. What evidence there is suggests that those species studied are primarily sensitive to particle motion at frequencies well below 1 kHz (Budelmann, 1992; Mooney et al., 2010 Mooney et al., , 2012 .
Frequency weighting
Animals do not hear equally well at all frequencies within their hearing range. Frequency weighting is therefore often applied in assessing the effects of sounds upon particular species. Such weighting minimizes the influence of low-and high-frequency sounds that may be detected poorly, if at all, by the animal. For marine mammals, generalized frequency-weighting functions have been derived for different functional hearing groups (Southall et al., 2007; NMFS, 2016) , but as discussed above, the number and diversity of fish species makes similar categorization impossible , and this may prove even more difficult with invertebrates. Nedwell et al. (2007) suggested a weighting approach using a metric known as the dB ht (Species) as a tool for quantifying the level of sound experienced by individual marine species, but there are very substantial problems with this approach. The dB ht (Species) metric purports to take into account each species' hearing ability by referencing the sound to the hearing thresholds for that species. As Hawkins and Popper (2014) pointed out, however, it is critical that the dB ht (Species) be based upon accurate behavioural threshold determinations rather than measures of inner ear responses (see also Popper et al., 2014) . However, behavioural hearing thresholds exist for only a small number of fish species and for no invertebrates. Moreover, such data (especially inner ear response data), are generally expressed in terms of sound pressure, although most, if not all, of these organisms are sensitive to particle motion.
Despite the lack of high quality hearing data for the majority of aquatic species, and despite this being against the overriding consensus of expert scientific advice provided to regulators at the present time, the dB ht (Species) has often been utilized within the United Kingdom for assessing the effects of man-made sounds, and it appears to have the tacit approval of some regulatory agencies. In particular, the dB ht (Species) has been used to evaluate the likelihood of fishes responding behaviourally to sound exposure. Nedwell et al. (2007) suggested that strong avoidance responses by fishes start at a level about 90 dB above the dB ht (Species) thresholds, while different proportions of fishes respond at lower weighted levels. However, there are very few field data derived from wild fishes and invertebrates to support these chosen levels, and the concept of dB ht has not been accepted in any independent peer-reviewed publication. Indeed, extreme caution must be exercised in applying the dB ht (Species) measure. Defining response criteria applicable to all species is a far too simplistic an approach to evaluating behaviour Popper et al., 2014) . Moreover, the approach does not take into account potential for sound sensitivity to change with that of the life stage of the organism, time of year, animal motivation, or other factors that might affect hearing and behavioural responses to sound.
Weighting may be useful in some circumstances, but it requires a good deal of behaviourally measured data on hearing sensitivity; information that is not yet available. Furthermore, caution is needed in applying weighting to sounds that are potentially injurious. Sounds outside the hearing range of the animals, that are inaudible, may be capable of causing damage to tissues. In particular, the high frequencies associated with rapid risetimes may bring about or exacerbate injury .
Part 3: assessing effects
This section discusses assessing the effects of exposure to manmade sound on fishes and determination and evaluation of potential effects. Readers are referred to papers cited in Table 1 for overviews of the topic.
Sound exposure criteria
The impact of noise is generally assessed by setting sound exposure criteria; specifying sound pressure thresholds that will have deleterious effects if they are exceeded. Currently, a number of sound exposure criteria have been adopted by regulators for marine mammals (Southall et al., 2007; NMFS, 2016) , although the criteria differ from one country to another. With respect to fishes,
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there are a few criteria that have been applied by regulators (Woodbury and Stadler, 2008) , but, as pointed out by Popper et al. (2014) they are limited in scope, and in some cases are poorly supported by scientific evidence, often using decade old science that suffered from poor experimental design and/or inappropriate controls. Sound exposure criteria have yet to be developed for aquatic invertebrates. In general, the development of criteria has concentrated upon protected species, and especially marine mammals.
Setting thresholds for a response by the animal, whether that response consists of physical changes (e.g. tissue injury), physiological changes, hearing loss, or behavioural changes, relies on the determination of dose-response relationships. (It is often hard to distinguish between physiological and physical effects since they may be intertwined. For example, a physical effect on the kidney may result in physiological changes as well, whereas a physiological effect on the kidney may result in physical effects elsewhere in the body. In the literature on effects of noise on aquatic animals, the terms "physical" and "physiological" are often used interchangeably.) That is, observations on the changes in effect upon the animal caused by differing levels of exposure (or doses) to particular sounds. As the sound level increases, there may be graded or incremental change in the magnitude of the response. In other cases, there may be a sudden change in the response. In every case, it is necessary to seek a particular response level, which may serve as a criterion for defining a response threshold (Dunlop et al., 2012; Williams et al., 2014) . There is currently a lack of dose-response data for behavioural or stress related effects occurring as a result of exposure of fishes and invertebrates to noise, perhaps because so few species are protected by statute.
Recent peer-reviewed guidelines, developed under the auspices of the American National Standards Institute (ANSI) program of Figure 1 . Potential effects of a sound at different distances from a source. Refer to Table 2 for a complete description of these potential effects. Note, the actual distances will depend on the source level, and the distance from any given source that some effect may "drop out" will likely vary as a result of numerous factors including the species of fish and perhaps even its size Table 2 . Potential effects of man-made sound on animals (also see Figure 1) Death: Either immediate mortality or tissue and/or physiological damage that is sufficiently severe that death occurs some time later due to decreased fitness. Mortality has a direct effect upon animal populations, especially if it affects individuals close to maturity. Physical and/or Physiology Effects: Tissue and other physical damage or physiological effects, that are recoverable but which may place animals at lower levels of fitness, may render them more open to predation, impaired feeding and growth, or lack of breeding success, until recovery takes place. Impaired Hearing: Short-or long-term changes in hearing sensitivity (temporary threshold shift -TTS or permanent threshold shift -PTS) may, or may not, reduce fitness and survival. Impairment of hearing may affect the ability of animals to capture prey and avoid predators, and also cause deterioration in communication between individuals; affecting growth, survival, and reproductive success. Masking: The presence of man-made sounds may make it difficult to detect biologically significant sounds against the noise background. Masking of sounds made by prey organisms may result in reduced feeding with effects on growth. Masking of sounds from predators may result in reduced survival. Masking of spawning signals may reduce spawning success and affect recruitment. Masking of sounds used for orientation and navigation may affect the ability of fish to find preferred habitats including spawning areas, affecting recruitment, growth, survival and reproduction. Behavioural Responses: Changes in behaviour may take place in a large proportion of the animals exposed to the sound, as such responses may occur at relatively low sound levels. Some of these behavioural responses may have adverse effects. Displacement from preferred habitats may affect feeding, growth, predation, survival and reproductive success. Changes in movement patterns may affect energy budgets, diverting energy away from egg production and other vital functions. Migrations to spawning or feeding grounds may be delayed or prevented, with detrimental effects upon growth, survival and reproductive success. Prevention of recruitment and settlement in preferred habitats may affect colonization and population size in any area exposed to high levels of noise.
the Acoustical Society of America (ASA), have provided some directions and recommendations for ultimately setting criteria for fishes . These directions and recommendations are elaborated on here, especially in terms of likely effects. Thus, depending on the species concerned, its distance from the source and the nature of the source, exposure to high levels of sound may result in the effects illustrated in Figure 1 and discussed in Table 2 .
The ANSI-accredited report sets out the sound levels for different sound sources that are likely to result in each of these effects . There are, however, many problems remaining in estimating sound exposure criteria for fishes and invertebrates (Hawkins et al., 2015) . Also, current criteria are mainly expressed in terms of sound pressure. While this is suitable for marine mammals and some fishes, as well as for other types of injury (e.g. barotrauma) in fishes, hearing in most fishes involves detection of particle motion. Thus, for fishes, models that focus on sound pressure alone are of limited value, at least with regard to potential effects on sound detection. Instead, it is important to have data and models that provide insight into the particle motion emanating from a source and received by the animals.
Sound exposure criteria are generally set on the basis of observations of effects upon individual animals. In setting such criteria, however, it is necessary to select those effects that might lead to significant impacts on populations, as these will have greater relevance in a regulatory context. In practice, the sound exposure criteria selected in environmental impact assessments are often largely speculative and both the scientific and legal framework for establishing them is poorly defined. There is an overall lack of information on how fishes and invertebrates respond to sound, and which of their responses indicate impairment of "life functions," defined as those activities that are especially important in the lives of animals (National Research Council, 2005) . There are many data gaps that preclude the setting of specific sound exposure criteria, especially for behavioural responses by fishes Hawkins et al., 2015) .
Prioritizing species
When there is a requirement to evaluate the impacts of manmade sound on animals within a particular area one of the starting points should be to examine which species are most likely to be especially affected in terms of changes to populations and threats to their sustainability and which of these constitute key components of local ecosystems. In some areas, a number of species may already have been classified as endangered or threatened under current conservation legislation. Others may be valued highly as the basis for commercial fisheries.
Still, many of the fishes and invertebrates present may have no special conservation designation as species, even though they may be especially important components of local ecosystems. In assessing impacts upon ecosystems, it is important to examine all the species present and to identify those that may be especially vulnerable to noise exposure, and especially those that play an important ecological role within local biological communities. However, this is not always done. One possible solution is to give protection to the habitats of potentially vulnerable species, as is done for "essential fish habitat" in the USA under the MagnusonStevens Act. For example, habitats where reproductive activities take place, and where breeding activities involve communication by means of sound, might receive protection, as has been suggested for sound producing fishes (Casaretto et al., 2014) . There may be a case for designating soundscapes that are especially vulnerable and which may need protection from high levels of manmade sound.
The wide variety of fish and invertebrate species in terms of life history, breeding ecology, migratory behaviour, and hearing sensitivity may result in great differences in their vulnerability to sound exposure and other potentially damaging forces. Fisheries biologists have examined various risk-based approaches in assessing the effects of fishing upon species for which there are only limited data on key population parameters. Such approaches attempt to evaluate the vulnerability of fish species or stocks to fishing based on their biological productivity and resistance to adverse effects on the one hand, and their susceptibility to the actual fisheries operating over their range of distribution on the other hand (Hobday et al., 2011) .
Productivity and Susceptibility Analysis (PSA) examines the vulnerability of species to any increase in mortality above natural mortality, although this has yet to be applied to effects of sound exposure. PSA has been developed by the National Oceanographic and Atmospheric Administration (NOAA, USA) and is included in their Fisheries Toolbox (Patrick et al., 2010) . Productivity in a fisheries context is a function of the stock's lifehistory characteristics, scored using such attributes as growth, maximum age, maximum size, fecundity, and reproductive strategy. High-risk attributes, such as slow growth and low fecundity, have low scores with respect to resilience (and high scores in terms of risk). Susceptibility, in terms of noise exposure, might be judged by their hearing abilities and responsiveness to sounds (as described in the Guidelines proposed by Popper et al. (2014) , their proximity to the noise source, their ability to move away from the source, and their likely overall degree of exposure to the noise.
A traditional method in conservation for setting priorities is to develop lists of at-risk species (Gardali et al., 2012) . This requires a means by which to identify which species are most vulnerable. For birds, a well-established approach has been to use indices of sensitivity or population vulnerability to particular hazards (Garthe and Hüppop, 2004; Gardali et al., 2012; Busch and Garthe, 2016) . Garthe and Hüppop (2004) developed an index of marine bird population vulnerability to offshore wind farms, based on scores of conservation importance of different species' populations and perceived behaviour-related risks of collision and displacement, combined into a single index. While birds live in a generally different environment from aquatic organisms, it is well established that the approaches of study, and the questions asked and how they might be answered are often fully comparable between birds (and other terrestrial) animals and aquatic organisms (Slabbekoorn et al., 2010; Dooling et al., 2015; Dooling and Popper, 2016) .
With such methods the scoring for the various attributes must be evidence-based, with data taken from the reviewed literature. In some cases, it may be necessary to extrapolate from other datasets or from surrogate species. It may be appropriate to circulate the scoring criteria and provisional scores to a group of appropriate experts for review, in order to ensure consensus support for the final criteria and scorings -a process termed expert elicitation.
Assessing the impact of man-made underwater sound on fishes and invertebrates
The potential effects of sound on individual animals can range from mild and insignificant to severe and lasting. Some responses Assessing impact of underwater noise on fishes and invertebrates to man-made sound may have minimal or no consequences for populations. For example, short-lasting startle responses to sounds that rapidly diminish with repeated presentation or that do not change the overall behaviour of the animals are unlikely to affect key life functions or result in changes to vital rates. Many anthropogenic sound events are transient in nature (Hildebrand, 2009; Popper and Hastings, 2009) , and short-term impacts of sound may not necessarily translate into long-term consequences (Bejder et al., 2009) . In contrast, some high-level sounds may affect large numbers of animals, influencing key life functions including recruitment, growth, reproduction and survival, and potentially damaging whole populations.
Both acute and chronic exposures have to be taken into consideration when thinking about assessing potential effects. In many cases, animals may be exposed to sound for a limited period, as from a passing ship or seismic survey, or where construction work is undertaken for several days. The animals themselves may be moving and passing through an area where sound is prevalent. Currently, regulation of underwater sound is mainly concentrated on such short-term, acute effects.
However, chronic exposure to man-made sounds for long periods may also occur, for example where relatively stationary animals remain close to an offshore development or a busy shipping route or for animals in a busy harbour (Pine et al., 2016) . In general, the underwater noise generated by shipping or other sources of continuous noise remains unregulated, although discussions on voluntary guidelines for quieting ships are underway within the International Maritime Organization (IMO). On a precautionary basis, it may be important to consider the impacts of those sources that expose individuals and discrete populations to high sound levels over long periods. Indeed, by analogy, general increases in man-made background sounds clearly have an impact on humans (Le Prell et al., 2012; Murphy and King, 2014a, b) and other terrestrial animals (Brumm and Slabbekoorn, 2005; Slabbekoorn and Halfwerk, 2009) .
In considering full impact assessment it is imperative that one keeps in mind that underwater sound from human activities is known to have a number of adverse effects on individual aquatic animals [e.g. see papers in Hawkins (2012, 2016) ]. Acute effects may arise from exposure to brief high level sounds and may include death, injury, permanent, or temporary hearing impairment or those behavioural responses that may disrupt important life functions. With longer exposure, chronic effects may occur including developmental deficiencies (de Soto et al., 2013; Nedelec et al., 2014) and physiological stress (Wysocki et al., 2006; Rolland et al., 2012; Nichols et al., 2015) . Both acute and chronic effects may affect life functions, including individual health and fitness, foraging efficiency, avoidance of predation, swimming energetics, reproductive behaviour etc.
Because of these complexities, actually determining the impact of man-made sound on populations of fishes and invertebrates is complex, and has yet to be successfully achieved.
As yet, there is no consensus approach to how to assess potential impacts of man-made sound on fishes and invertebrates. One Figure 2 . Effects of exposure to underwater sound on fishes (and possibly invertebrates) with respect to impact on key life functions, vital rates, and population parameters potential approach uses the Population Consequences of Acoustic Disturbance model (PCAD) developed by the NRC (National Research Council, 2005) , and put forward as a sequential procedure for evaluating such consequences. In this process, it is first necessary to characterise the relevant acoustic signal; then it is necessary to describe the resulting physical, physiological or behavioural changes, and to determine any life functions or essential activities that are affected. The next step is to investigate the resulting change in "vital rates" for the affected animals, which will have implications for actual populations. Finally, population impacts, which affect subsequent generations, need to be examined including birth rates, death rates, fertility rates, population growth rates, and variations in age composition of the population.
This sequence for PCAD is set out in Figure 2 . "Transfer functions" connect the variables. A transfer function is essentially a relationship that allows one to estimate, for example, how masking by man-made sound of vocalizations by spawning fish might lead to a reduction in reproductive success, resulting in changes in the size and composition of a population. Currently, however, there is a lack of clear evidence on whether changes to life functions and vital rates actually take place, with definite impacts upon populations of fishes and invertebrates. There have simply been too few studies of the impacts of sound exposure upon wild populations of these animals.
A number of modelling techniques exist for investigating the effects of exposure to environmental changes upon life functions and vital rates. These include:
Energy-budget modelling can be used to estimate the effects of sound exposure upon on individual energy budgets, enabling effects on individual fitness and vital rates to be examined. Dynamic Energy Budget (DEB) models aid interpretation of stressor effects, and have been used to examine the effects of toxicants on growth, reproduction and survival over time (Jager and Selck, 2011; Jager and Zimmer, 2012) . Individual-based models (IBMs) may simulate the actions and responses of autonomous agents, the individual animals, to explore consequences for important aspects of the animals' lives and effects upon vital rates (see also agent-based models, e.g. Grimm et al., 2005) .
IBM models start by suggesting rules for the behaviour of individuals and then seek to reconstruct actual patterns of behaviour in response to stimulation by sounds or other changes in the environment (Willis, 2011) . Thus, Rossington et al. (2013) used an IBM-approach, combining a hydrodynamic model with an underwater sound propagation model to assess the behavioural impact of pile driving on the movement patterns of Atlantic cod. Each "fish" in the model was represented as a particle that was subject to advection by the tides and also obeyed a set of behavioural rules, which governed their responses. The IBM indicated that "fish" which detected the sounds took up to 7 days longer to reach their destination than "fish" which did not detect the sounds. In applying such models, however, it is important to ensure that the assumptions made about the behaviour of the animals, and especially any changes in responses to sounds, are valid and based upon field observations.
Assessing impacts of underwater sound on populations
Once effects upon fishes and invertebrates have been observed, how does one then assess actual impacts? There are numerous reports and impact assessments where a range of effects is assumed to have an impact at the level of particular marine fish populations, but without there being direct evidence being adduced to support these conclusions. Ultimately, this lack of evidence is affecting our ability to properly evaluate and mitigate effects of man-made sounds on marine ecosystems, making it difficult to implement informed risk-management decisions. Bridging the gap between observed effects on individual fish and impacts on populations is often beyond our current capabilities. Currently, we are poorly equipped to do any more than use expert elicitation for predicting impacts. Usually decisions are based on assumptions about effects of acute behavioural changes in terms of their influence upon the population dynamics of single species.
The PCAD model developed by the NRC (National Research Council, 2005) has been applied to marine mammals, most notably elephant seals (Costa et al., 2016) . The only example of PCAD being applied to fishes was by Sivle et al. (2015) on the effects of naval sonar on captive Atlantic herring populations. In this study, the actual responses of the fish were minimal. Thus, it has yet to be demonstrated whether the PCAD model can readily be applied to fishes and invertebrates.
There is still a need to explore the value of PCAD and other models for examining the consequences of sound exposure upon fishes and invertebrate populations, which vary greatly in their characteristics and are very different to marine mammal populations. One possible approach at this stage is to examine through modelling whether the responses to sound commonly observed from fishes and invertebrates can ever have population-level effects. A number of models have been developed to assess the vulnerability of fish stocks to fishing including the PSA approach mentioned earlier (Patrick et al., 2010; McCully Phillips and Ellis, 2015) . Their possible application to assessing the effects of sound needs to be explored further.
Ecological Risk Assessments (ERAs) have also been applied to examining effects upon ecosystems. Within the ERA framework (Smith et al., 2007; Hobday et al., 2011) , a hierarchical approach is taken to evaluate the effects of activities such as fishing. The ecological focus is broadened out from concerns about target species and resources to concerns about non-target species, including protected species, habitats, and ecological communities. A similar approach might be adopted for examining the exposure of ecosystems to man-made sounds.
The regulation of sound making activities
Regulation of environmental stressors is often based on legislation that protects key habitats and species. Species are either selected on the basis of their conservation status (for example, whether they are listed as being endangered or threatened), or their commercial importance (for example, whether they form the basis for important fisheries). Relatively few species of fish and invertebrates are classed as endangered and the majority do not receive the strong protection often granted to marine mammals and birds.
Much of the regulation of sound-making activities is based upon environmental impact assessments and environmental statements that are directed at marine mammals. Such assessments are not particularly relevant to fishes or invertebrates. Current regulations may fail to select those fishes and invertebrates that are especially vulnerable, and/or fail to identify periods Assessing impact of underwater noise on fishes and invertebrates of their life when they may be particularly vulnerable to sound exposure. Many assessments also express sound exposure in terms of inappropriate metrics, and employ sound exposure criteria, that are not well supported by scientific data.
An example of such an assessment is provided by the Environmental Statement submitted to the Scottish Government with respect to the siting of the Beatrice Offshore Wind Farm development on the east coast of Scotland (Marine Scotland, 2012) . Key fishes and shellfish were selected for assessment mainly based on the their commercial interest and whether they were species of conservation importance, rather than their susceptibility to sound exposure. The metrics used to assess effects from pile driving and other noise sources were based on sound pressure, despite many of the species concerned being sensitive to particle motion. Modelling and assessment took no account of ground roll, which is likely to generate high sound particle motion levels at a considerable distance from pile driving operations, and may affect both fishes and invertebrates.
Assessments submitted for wind farms at other locations have been similarly flawed. Such assessments cannot be considered satisfactory for fishes and invertebrates that are sensitive to particle motion (Hawkins et al., 2015) .
Many current impact assessments are also based on predictions of how fishes and invertebrates will behave in particular circumstances. It is often accepted that exposure to sound may disrupt normal behaviour or displace these animals from areas they frequent, although actual data supporting these assumptions may not exist. Consideration is then given to whether certain mitigation measures (e.g. time/area closures, establishment of exclusion zones, ramp up procedures), would provide protective benefits. Judgement is then made on whether the predicted effects have adverse effects upon populations-but often without appropriate data being available.
Thus, it is evident that many current environmental impact assessments are not fully assessing the impact of underwater sound upon fishes and invertebrates. There also often appears to be a lack of critical appraisal by regulators in evaluating the methodologies for such assessments, in that they are accepted despite their obvious flaws, as was the case in design of the policies on effects of pile driving on fishes adopted on the USA west coast (Woodbury and Stadler, 2008) but which have been shown to be primarily based on studies with very weak design and poor controls (Popper and Hastings, 2009 ). This gives major grounds for concern.
Monitoring environmental sound
Additional activities are taking place that are intended to provide wider protection of the marine environment from the effects of man-made sound. In the European Union, the Marine Strategy Framework Directive (MSFD) requires Member States to establish monitoring programmes for the on-going assessment of the environmental status of their marine waters (Tasker et al., 2010; Dekeling et al., , 2016 . This monitoring is intended to provide data on a series of indicators for key environmental "descriptors" in order to assess whether Good Environmental Status (GES) has been achieved. One of the chosen descriptors is for "Energy including Noise." In September 2010, the European Commission decided that with respect to energy, measurement of underwater noise should have first priority in relation to assessment and monitoring. Indicators for underwater noise were then defined: Indicator 11.1.1 for "low-and mid-frequency impulsive sounds" and Indicator 11.2.1 for "continuous low frequency sound (ambient noise)". Those scientists advising the Commission proposed that, as the effects of sound were known for only a limited number of species, the first stage of the implementation of monitoring would be to establish a baseline of current noise levels, using the two indicators that had been identified.
In the USA, NOAA, working with other US agencies including BOEM, began establishing in 2014 it's first-ever coordinated Ocean Noise Reference Station Network-a set of undersea listening stations deployed around the USA designed to systematically measure ambient noise levels in the ocean (Gedamke et al., 2016) . The objective of this project is to establish a long-term NOAA-operated network of noise reference stations throughout the U.S. Exclusive Economic Zone to monitor long-term changes and trends in the underwater ambient sound field due to anthropogenic and natural sound sources.
Although such studies are to be welcomed, monitoring noise levels per se contributes little to our understanding of whether there will be impacts upon fishes or invertebrates, or whether Good Environmental Status has been achieved with respect to noise. European Indicator 11.1.1 (Dekeling et al., , 2016 simply registers "the proportion of days and their distribution within a calendar year, over geographical locations whose shape and area are to be determined, and their spatial distribution in which source level or suitable proxy of anthropogenic sound sources, measured over the frequency band 10 Hz-10 kHz, exceeds a value that is likely to entail significant impact on marine animals" (Dolman et al., 2016) . However, the actual nature of any impulsive sounds generated is also important. Measurements are required of those acoustical features of impulsive sounds that influence the responses of animals (including injury, physiological effects, and behavioural effects), including rise times, repetition rates, inter-pulse intervals, duration of single signals and of sequences of signals, and duty cycles.
Measurements of average ambient noise levels are similarly limited in scope and utility. Under European Indicator 11.2.1 (Dekeling et al., 2016 ) the arithmetic mean (of samples of squared sound pressure) is used to establish average ambient noise levels in two third-octave bands centred at 63 and 125 Hz. These frequencies were considered to be representative of shipping noise. However, recent studies have indicated that noisier bands may exist at frequencies above 63 Hz or 125 Hz both in the Adriatic Sea (Codarin and Picciulin, 2015) and in the Baltic Sea (Hermannsen et al., 2014) . These authors have questioned whether the two chosen frequency bands serve as reliable proxies for mid and high-frequency noise emissions from different ship types. Hermannsen et al. (2014) concluded that a diverse range of vessels produce substantial noise at high frequencies, and that vessel noise should be considered over a broader frequency range.
Monitoring programmes both in Europe and the USA are essentially based on measurements of long-term average sound pressure levels. To assess properly the effects of upon fishes, invertebrates, and other animals is it is important to monitor temporal variations in broadband sound in relevant habitats and at appropriate depths, using both sound pressure sensors and particle motion sensors; with due attention being paid to the roughness (kurtosis) and other characteristics of the noise that will influence effects upon animals. It is also important not just to make such measurements in areas affected by man-made sounds but also to define and map areas with natural soundscapes that might be adversely affected by exposure to man-made sounds, using them as examples of Good Environmental Status. There may be a case for designating such sites, with unique and vulnerable soundscapes, as protected areas.
Conclusions
It is evident that many attempts to assess the impact of sound exposure upon fishes and invertebrates have been flawed. Those sound exposure criteria that have been applied, especially to behavioural responses, have often not been based on clear evidence from peer-reviewed scientific papers. Many assessments have utilized inappropriate acoustic metrics to describe the sound to which the animals have been exposed, especially for impulsive sounds. In particular, many have ignored the sensitivity of fishes and invertebrates to particle motion. Measurements of sound pressure are often insufficient to describe the levels of particle motion in a complex acoustic environment. Modelling of sound propagation has often been poorly performed or has lacked transparency. Many assessments have focussed on the immediate effects of specific developments, and there have been few strategic assessments of the effects of long-term, chronic exposure to sounds, which may often emanate from unregulated sources.
Discussions involving both regulators and scientists have led to the identification of a number of information gaps (summarized in Hawkins et al. (2015) and Lucke et al. (2016b) . We have built upon those discussions to identify key prerequisites for evaluating impacts on fishes and invertebrates. These pre-requisites include:
(1) The development and application of procedures for screening and assigning priorities to fish and invertebrate species that may be especially vulnerable to noise exposure, including those which play important roles in local ecosystems. High priority should not just be assigned to legally protected or commercially important species, but should be considered for a range of species, based on their biological productivity, vulnerability to adverse effects, and susceptibility to noise exposure.
(2) The development of valid and appropriate sound exposure criteria specific to fishes and invertebrates and which will allow regulators to set limits to the sound levels that are permissible under particular conditions. Such criteria should be based on dose-response data for relevant physical, physiological, behavioural, and/or stress effects; and especially those that may affect key life functions. The criteria must be expressed in metrics that reflect those features of the sounds that have potential effects upon the species of interest.
(3) Full descriptions of the sounds produced by different sources are required for full assessments and these must be expressed in appropriate metrics (tailored both to the nature of the sounds, whether continuous or impulsive, and those characteristic features that may be important to the animals), and including data on the magnitude and direction of particle motion at different locations with respect to the source.
(4) Information on the prevailing levels of background noise in the environment, including the presence of sounds of natural origin that may be important to fishes and invertebrates, so that the effects of masking of those sounds can be examined. There is a particular need to collect data on the natural levels and directional components of sound particle motion at different depths and locations in a variety of aquatic environments, and to examine the importance of sound particle motion in providing directional cues for orientation and navigation.
(5) Examination of underwater soundscapes to identify those that are unique or vulnerable to noise pollution and which are deserving of being designated as protected areas.
(6) Examination of the propagation of sound from man-made sources and the levels reached at different locations, expressed both in terms of sound pressure and particle motion. In terms of predicting effects upon fishes and invertebrates, and the spatial extent of those effects, it is important that the propagation models should take account of sound transmission through the seabed, and examine propagation into, and in, shallow water since this differs substantially from that in deep water away from surfaces.
(7) Consideration of the actual physical, physiological, and behavioural responses of individuals and groups of animals, especially in terms of those changes that may influence individual fitness and health. Distinctions should be made between short-term, transient changes, from which the animals rapidly recover, and those which have lasting effects upon individuals.
(8) Close examination of those responses in terms of their actual effects upon key life functions and vital rates, using energy-budget models, or individually based models or a combination of both.
(9) Estimation of subsequent impacts upon populations of fishes and invertebrates, especially those which constitute key components of local ecosystems, together with the prediction of likely ecosystem effects. Such estimates can be achieved through modelling studies that take account of changes in vital rates.
(10) Carry out behavioural response and hearing studies on fishes and invertebrates in an acoustic environment as close as possible to that of the animal's natural environment. For example, the responses of a fish or invertebrate living in midwater in the open ocean should be examined in a free sound field, distant from reflecting boundaries (that is, at a distance of at least one wavelength of the sound frequency being examined). In contrast, for a fish dwelling in shallowwater, responses should be examined in shallow water with an appropriate substrate and with lateral boundary conditions simulating those found in its natural habitat. Experiments on fishes and invertebrates that live on or within the substrate should take full account of sound transmission through the substrate. Any sounds presented should resemble those that would be received by the animal under natural conditions. It is especially necessary to ensure that any signals presented have the appropriate mix of sound particle motion components and sound pressure. It is also important to incorporate well-designed controls for the experiments, and to ensure that replication is statistically adequate.
(11) Determination and development of mitigation approaches to reduce sound source levels for sound pressure, particle
Assessing impact of underwater noise on fishes and invertebrates motion, and substrate vibration that are directed at fishes and invertebrates rather than application of approaches (e.g. ramp-up) that were developed for, and more applicable to, marine mammals.
(12) Incorporation of data from additional studies that focus on filling many of the data gaps in our knowledge of effects of man-made sound on fishes as invertebrates as identified in several recent reports (Normandeau, 2012a, b; Hawkins et al., 2015) .
